Neurons can undergo a diverse range of death responses under oxidative stress, encompassing apoptosis (caspase-dependent, programmed cell death) to various forms of caspase-independent death, including necrosis. We recently showed that primary murine cortical neurons exposed acutely to hydrogen peroxide undergo caspase-independent death, both ACD and programmed necrosis. To determine how oxidative stress induced by superoxide affects the route to cellular demise, we exposed primary cortical neurons to extended superoxide insult (provided by exogenous xanthine and xanthine oxidase in the presence of catalase). Under these conditions, over 24 hours, the nitro blue tetrazoliumreducing activity (indicative of superoxide) rose significantly during the first 4 to 8 hours then declined to background levels. As with hydrogen peroxide, this superoxide insult failed to activate downstream caspases (-3, -7 and -9). Substantial depolarization of mitochondria occurred after 1 hour, and nuclear morphology changes characteristic of oxidative stress became maximal after 2 hours. However, death indicated by plasma membrane (trifluoromethoxy)phenylhydrazone; LC3, microtubule-associated protein light chain 3;
permeabilization (cellular uptake of propidium iodide) approached maximal levels only after 4 hours, at which time substantial redistribution to the cytosol of death-associated mitochondrial intermembrane space proteins, notably endonuclease G, had occurred.
Applying established criteria for autophagic death (knockdown of Atg7) or programmed necrosis (knockdown of endonuclease G), cells treated with the relevant siRNA showed significant blockade of each type of cell death, 4 hours after onset of the superoxide flux. Yet at later times, siRNA-mediated knockdown failed to prevent death, monitored by cellular uptake of propidium iodide. We conclude that superoxide initially invokes a diverse programmed caspase-independent death response, involving transient manifestation in parallel of autophagic death and programmed necrosis. Ultimately most neurons become overwhelmed by the consequences of severe oxidative stress and die. This study reveals the multiple phases of neuronal cell death modalities under extended oxidative stress.
Abbreviations ACD, autophagic cell death; Atg7, autophagy-related protein 7; BafA1, bafilomycin A1; cyt c, cytochrome c; DIC, differential interference contrast; Endo G, endonuclease G; IMS, intermembrane space protein; FCCP, carboxy cyanide p-
Introduction
Oxidative stress is considered a major contributor to cell death in various neuropathologies, including chronic conditions like Parkinson's disease [1] and Alzheimer's disease [2] , but also in more acute settings such as cerebral ischemic reperfusion after stroke [3] . In each of these neurodegenerative conditions post-mortem studies have shown evidence of cellular damage resulting from oxidative stress as indicated by markers of lipid peroxidation and oxidation of both DNA and protein (reviewed in [1] [2] [3] ). Neuronal cell death induced by oxidative stress has previously been reported as apoptotic in some model systems [4] [5] [6] [7] [8] ,
although acute and intense oxidative stress has commonly resulted in necrotic outcomes [4, [7] [8] [9] [10] . The term programmed cell death (PCD or regulated cell death [11] ) not only includes apoptosis, but also encompasses PCD manifested in other forms including autophagic cell death (ACD) and various programmed or regulated necrotic death pathways that take place independently of caspases [12, 13] .
Autophagy is the process whereby damaged molecules and organelles undergo lysosomal clearance/degradation in order to help maintain cellular homeostasis. ACD is defined as regulated death that is demonstrably dependent on the autophagy pathway, but excludes the mere appearance of autophagic markers without death dependence [11, 14] . For example, we showed in cultured neurons that ACD occurred, defined by dependence on Atg7 [15] . The autophagic pathway most commonly associated with cell death is macroautophagy (referred to as autophagy hereinafter), whereby organelles or molecules are sequestered within autophagosomes that are double membrane vesicles, which subsequently fuse with lysosomes leading to degradation of their cargo [16] . The mechanism of autophagic death however, remains to be identified in detail but does not involve significant caspase activation [17] .
Programmed necrosis has also gained recent prominence as another regulated pathway that acts in the absence of caspase activity [18] . Programmed necrosis is superficially similar to unregulated necrosis, including collapse of energy-dependent ion balance at the plasma membrane (PM) contingent on collapsed intracellular production of ATP; however, the pattern of recruitment of regulated mechanisms of programmed necrosis is poorly understood [13, 19] . In one respect programmed necrosis is differentiated from unregulated necrosis, as the former involves the mitochondrial permeability transition (MPT) [20] [21] [22] , itself a regulated process. Further, programmed necrosis is dependent upon translocation of mitochondrial death signaling proteins to the nucleus, as shown for AIF [20] . Endonuclease G (Endo G) is another death associated protein redistributed from mitochondria [23, 24] . Endo G itself has proved to be a useful hallmark of programmed necrosis, in that deletion of Endo G blocked non-apoptotic death in neurons under conditions of weak caspase activation [22] .
The precise form of such Endo G-dependent programmed necrosis does not easily sit within any of the "regulated necrosis" categories recently outlined [11] and may thus be a separate form of necrotic death. Study of the occurrence of programmed necrosis in neurons is of particular interest as it may well be operative within many so-called necrotic settings, such as at the core of infarction following cerebral ischemia and subsequent reperfusion, in which oxidative stress is considered a major contributor to cell death.
We have previously shown that primary murine embryonic cortical neurons undergo regulated caspase-independent cell death following acute oxidative stress. Acute exposure to hydrogen peroxide (H 2 O 2 ) induced PCD exhibiting the characteristics of both ACD (reversible by Atg7 depletion) [15] and programmed necrosis (reversible by Endo G depletion) [22] . However, in neuropathological settings oxidative stress probably represents a more sustained assault on cellular homeostasis. Under such circumstances, particularly cerebral ischemic reperfusion following stroke, unregulated necrosis and apoptosis have been considered the prevalent cell death outcomes [25] [26] [27] . However, an important issue is whether such necrosis is the only mode of caspase-independent cell death, or whether other caspaseindependent forms of PCD occur. In light of our recent findings that cortical neurons can undergo diverse types of caspase-independent PCD [15, 22] and in order to evaluate the routes to neuronal demise that would better mirror a pathological setting, we sought an oxidative stressor paradigm other than H 2 O 2 that might encompass necrosis more broadly. Rather than just using elevated doses of a severe insult (that would very rapidly necrotize cells and where analysis of death pathways would be impractical), we reasoned that a sustained exposure of a specific insult at lower dose would provide a more relevant system.
In this study we have used a well-defined paradigm: xanthine, xanthine oxidase (XO) and 
Materials and methods

Cell culture
Primary cultures of murine neocortical neurons were established from embryonic day 15 C57/Black 6J mice, as previously described [28, 29] . Cell densities were as follows: cell 
Short interfering RNA (siRNA) transfections
Endo G siRNA (Product Name: Mm_Endog_4_HP Validated siRNA), Atg7 siRNA (Product Name: Mm_Apg7l_2_HP Validated siRNA) and negative control siRNA were purchased from Qiagen. Transfection of mouse primary cortical neurons with siRNA was carried out using HiPerFect transfection reagent (Qiagen) according to the protocols provided by the manufacturer. Under these conditions, typically 50-60% of neuronal cells were transfected by control siRNA. Transfections were carried out as previously described [15, 22] . 
General procedures
Measurement of caspase activity, cell viability, determination of nuclear morphology, immunocytochemistry, confocal microscopy, western immunoblots and determination of mitochondrial depolarization were carried out exactly as previously reported [15, 22] . The 
Statistical analysis
Comparative datasets were analyzed using one-and two-way ANOVA, followed by
Bonferroni's post hoc test (GraphPad Prism). One-way ANOVA was used for intra-group analysis, while two-way ANOVA was carried out to compare populations subjected to different treatments. The results are expressed as the mean ± SEM. Unless otherwise indicated, data are from 3 independent experiments with replicate determinations (n = 3). The differences were considered significant at p < 0.05.
Results
Flux of superoxide and cell death induced by XXC
The abundance of available O 2 .in the medium did not rise appreciably for the first 2 h after addition of XXC but rose significantly during 4-8 h time interval ( Fig 1A) . [22] . Rapid cellular swelling within the first 2 h, which is commonly associated with necrosis, was not seen in these cells (overall cell morphological data not shown here).
Changes in nuclear morphology provide a basis for characterizing the mode of cell death.
Cells were scored for condensed nuclei after DAPI staining and DNA fragmentation was assessed using TUNEL ( Fig. S1 , supplementary data). Neurons treated with XXC consistently exhibited condensed, rounded nuclei quite distinct from the fragmented morphology typical of apoptosis in these cells [22] . By 2 h, these nuclear morphological changes typical of oxidative stress [22] had taken place in almost all neurons. In contrast, the TUNEL signal rose more slowly over the 4-12 h period ( Fig. 1B) , indicative of molecular scissions in chromosomal DNA. It is striking that the overall morphological changes in nuclei are evident by 2 h, while PI uptake indicative of cell death occurs at least 2 h later in most cells. Therefore, although O 2 .had not accumulated in the medium, its effect on cells by 2 h is very substantial.
Lack of caspase activity following XXC treatment confirms non-apoptotic cell death
In order to confirm the non-apoptotic neuronal cell death under XXC treatment, downstream effector caspase-3 and caspase-7 and initiator caspase-9 were studied for their activation.
Caspase-3 activity measurements using FITC-DEVD-fmk substrates enabled quantification of caspase-3 activation by XXC ( Fig. 2A ) Caspase-7 and caspase-9 were also studied to establish the effect of O 2 .on other caspases involved in the apoptotic pathway ( Fig. S3 , supplementary data). Neurons treated with XXC displayed no caspase-7 activation as monitored by using a caspase-7 fluorogenic/immunoassay ( Fig. S3A ). Further analysis by western immunoblotting showed that caspase-7 was not cleaved following treatment with XXC ( Fig. S3B ). Moreover, caspase-7 was not activated by STS, suggesting that caspase-7 does not play an active role in neuronal apoptosis. Finally caspase-9 activity was measured, using an AFC-LEHD substrate ( Fig. S3C ) as well as by immunocytochemistry (Fig. S3D ). The results indicated that caspase-9 was not activated by O 2 .-(providing a possible explanation for the lack of caspase-3 and caspase-7 activity under XXC); note that caspase-9 can be activated under apoptotic conditions in these neurons (STS treatment, Fig. S3C and D) . Overall the cell death initiated by XXC was essentially independent of caspase activation. This finding was confirmed by observations that the progression of PI uptake by cells (cf. Fig. 1B) was not blocked by the caspase inhibitor zVAD-fmk (data not shown).
XXC induces mitochondrial depolarization and redistribution of death proteins
Mitochondria play a central role in determining which PCD pathway will bring about neuronal cell death [13] . Changes in mitochondrial membrane potential (ǻȌ m ) in neurons under XXC treatment were examined using live cell imaging by monitoring the retention of the dye TMRM within mitochondria. TMRM was visible within mitochondria in untreated control neurons and was efficiently dissipated with the uncoupler FCCP that collapses ǻȌ m (Fig. 3A) . XXC induced significant dissipation of TMRM signal relative to the untreated control, after only 1 h, with maximal dissipation seen after 4 h ( Fig. 3B ), suggesting total depolarization of mitochondria (P < 0.0002). Thus, loss of ǻȌ m , characteristic of cells undergoing necrotic type of cell death [13] , occurs very rapidly in these neurons exposed to
Redistribution of intermembrane space (IMS) proteins from mitochondria to the cytosol was monitored for cyt c [22, 29] , Smac/DIABLO [29] and Endo G [22] . Redistribution of these three proteins in neurons under XXC treatment, was studied by immunocytochemistry and confocal microscopy ( Fig. 4) . Endo G was significantly redistributed after 4 h, relative to the untreated control population (P < 0.05). Endo G has previously been shown to be a significant player in programmed necrosis under oxidative stress [22] (see below). Significant redistribution of cyt c and Smac/DIABLO was observed after 4 h and 12 h, respectively (P < 0.05). Smac/DIABLO thus exits mitochondria earlier than cyt c under these conditions, but the roles of these proteins in the eventual cell death is not clear since caspases were not activated.
Transitory manifestation of programmed necrosis indicated by consequences of Endo G knockdown
We have previously demonstrated that under oxidative stress induced by H 2 O 2 , cell death could be inhibited in cortical neurons by reducing Endo G expression using siRNA (siEndoG) [22] . Direct evidence for the occurrence of programmed necrosis was studied as a potential cell death pathway under XXC treatment. Here siRNA was used to silence Endo G, routinely achieving knockdown greater than 60% (Fig. 5A ) consistent with data previously reported [22] . Transfected neurons were treated with XXC and the extent of cell death determined by measuring PI uptake. After 4 h, cell death in neurons transfected with siEndoG was significantly reduced: 25% of the population was positive for PI uptake, significantly less than the 60% dead cells in the nRNA-transfected population. However, at 12 h and 24 h, cell populations transfected with either siEndoG or nRNA showed equivalent cell death amongst the vast majority of cells (more than 80%) ( Fig 5B) . We conclude that programmed necrosis is initiated early (4 h) in the neuronal response to XXC, but by 12 h the cellular stress brought about by XXC eventually induces widespread cell death. These findings suggest transitory manifestation of programmed necrosis early in neuronal death signaling under XXC.
Transitory manifestation of autophagic cell death indicated by consequences of Atg7 knockdown
We have previously demonstrated ACD in cortical neurons, under oxidative stress following a bolus insult of H 2 O 2 [15] . In addressing the question of whether ACD was invoked following treatment with XXC, it was first necessary to demonstrate the up-regulation of autophagic indices, then subsequently to test the dependence of the death outcome on the autophagic process. Here autophagy was monitored by western immunoblotting to quantify conversion of LC3-I to LC3-II (resulting from a conformational modification associated with its insertion into autophagic isolation membranes) ( Fig. 6A ). In practice this was achieved by quantifying the ratio of LC3-II to LC3-I relative to ȕ-actin using densitometry of western blots. Further the late stage autophagic inhibitor bafilomycin A1 (BafA1) [14] was used to block the fusion of autophagosomes with lysosomes, and thus provided a means of differentiating increase in autophagic flux from a downstream blockage in autophagic activity. Treatment of cortical neurons with XXC resulted in a 2-fold increase in LC3-II/LC3-I ratio after 4 h, relative to the untreated control (Fig. 6B ). This ratio was elevated to 4-fold in the presence of BafA1, demonstrating the increase in LC3-II arose from enhanced autophagic flux. This enhancement was more pronounced at 8 h, with a 4-fold increase in LC3-II/LC3-I ratio in XXC treated neurons, and rising to a 10-fold increase in the presence of BafA1 (P < 0.05). Thus the increase in LC3-II in the presence of XXC resulted from autophagic flux as such.
Knockdown of Atg7 indicates autophagic cell death is involved early in cell death during XXC treatment
Having established the up-regulation of autophagic flux in cortical neurons exposed to O 2 .-, it was necessary to test dependence of cell death on autophagy. Accordingly, siRNA specific for ATG7 (siAtg7) was used to knock-down Atg7 expression and inhibit autophagic activity in these neurons. Non-specific RNA (nRNA) did not produce any change in Atg7 expression, while siAtg7 routinely reduced Atg7 expression levels by at least 60% (Fig. 7A) , consistent with our previous report [15] . Neurons transfected with either nRNA or siAtg7 were treated with XXC and studied for cell death by monitoring PI uptake. At 4 h, Atg7 knock down significantly reduced cell death, compared to the nRNA transfected population (P < 0.001) ( Fig. 7B ). However, by 12 -24 h the level of cell death in the siAtg7 population was similar to that in the nRNA population. These results show that ACD is transiently manifested in the early phases of the neuronal response to O 2 .insult.
Discussion
Oxidative stress is considered one of the key instigators of cell death in many neuropathological settings. In neurodegenerative diseases such as Parkinson's disease or
Alzheimer's disease, oxidative stress is unrelenting, being continuously produced over time [15] . We previously showed that, under acute oxidative stress produced by H 2 O 2 , neurons invoke non-apoptotic cell death that is highly regulated, in the form of both ACD [15] and programmed necrosis [22] . In this study XXC was used to produce a sustained flow of O 2 .-, enabling us to characterize the cell death pathways invoked by extended exposure to oxidative stress. Of particular importance was the need to address whether involvement of ACD and programmed necrosis pathways could be elicited by ROS other than H 2 O 2 .
Therefore, we investigated neuronal demise after such prolonged insult, which has a greater relevance to the type of oxidative stress thought to occur under chronic neuropathological settings [1, 2, 30] . We established the timeline of cell death, which involves multiple modalities, including transient phases of programmed necrosis and ACD.
Our findings using XXC corroborated previous conclusions by ourselves [15, 22] and others [4, 31, 32] that caspase activation can be very weak under certain oxidative stress conditions in neurons. Initiator procaspase-9 and effector procaspase-3 and procaspase-7 were shown to remain inactive following XXC treatment. Moreover, procaspase-3 and procaspase-7 were not found to be cleaved under these conditions, suggesting that blockage of caspase activation occurs further upstream. The failure to activate caspase-9 could account for the deficit in downstream caspase activities. Inhibition of caspase-9 activation may occur either directly, for example by iron-mediated inhibition of procaspase-9 [33] , or indirectly through ATP depletion due to mitochondrial depolarization; note that ATP is required for activation of caspase-9 [34] . The failure to activate caspase-9 occurred in spite of the redistribution of cyt c into the cytosol, which would be expected to induce apoptosome formation. Likewise, although Smac/DIABLO was redistributed, downstream caspase activation did not occur, presumably due to action of oxidative stress on the caspases or other associated proteins downstream in the cell death cascade.
While caspase activity in the presence of oxidative stress has been reported in other neuronal cell systems [4, 32, 35, 36] , it is clear that this is not the case under our experimental conditions. We have now shown that caspases are not activated under diverse forms of oxidative insult, both acute (H 2 O 2 [15, 22] ) and chronic (O 2 .by XXC). We suggest that this outcome might be largely attributable to these neurons being intrinsically post-mitotic cells that contain relatively low antioxidant defenses to detoxify ROS [37] . This feature would contribute to a more rapid accumulation of damage from ROS, which may activate faster forms of cell death than apoptosis, specifically those that are caspase-independent.
In neurons under XXC treatment there is clear evidence for participation of autophagy and mitochondria; moreover, both ACD and programmed necrosis are activated. XXC elevated the LC3-II/I ratio and in the presence of BafA1 this ratio was further increased establishing that autophagic flux was affected. In keeping with best practice assessment of autophagic activity by employing multiple autophagic markers [14] we also observed changes in the number of puncta labeled by GFP-LC3 (data not shown). Thus, early elevation of autophagic activity (whose linkage to cell death was established through the knockdown of Atg7) provided evidence of ACD. Likewise, early dissipation of ǻȌ m followed by rapid redistribution of cyt c, Smac/DIABLO and Endo G indicated mitochondrial involvement.
Knockdown of Endo G by siRNA delayed cell death, demonstrating early invocation of programmed necrosis. Nonetheless complete blockade of cell death was not achieved by such disruption of either ACD or programmed necrosis, suggesting that ultimately cells default to death by unregulated necrosis. One may envisage that pathways leading to autophagic death and programmed necrosis may be running in parallel in early stages. Moreover, cross-talk may exist between these two death paradigms, possibly with a common fork upstream in the death process [13] . We carried out double knockdown experiments using siEndoG and siAtg7 simultaneously transfected. There was no evidence for additivity of their death protective effects (data not shown).
We have not yet formally eliminated the possibility that depletion of Atg7 and Endo G separately reduce the incidence of oxidative stress in the cells, which otherwise leads to the rapid depolarization of the organelles (Fig. 3) . While, in principle, decreased oxidative stress might explain the reduced permeabilization of the plasma membrane to PI on depletion of either of these two proteins after 4 h ( Fig. 5 and Fig. 7) , such interactions are considered unlikely because reduction in the levels of each such protein would have to play an as yet undefined role in mitochondrial protection. Nonetheless, the possibility of multidimensional interactions between mitochondria, the machinery of gene-programmed necrotic death and ACD, remain to be explored in more detail.
In conclusion, time-dependent monitoring of cell death events under sustained O 2 .exposure, and use of siRNA, have revealed a complex death outcome. In general, it is apparent that under various forms of oxidative stress, murine cortical neurons respond by initiating a combination of ACD and programmed necrosis in the absence of caspase activation. These findings highlight the potential for differential regulation of cell death activated by ROS in various oxidative stress conditions. If oxidative stress can be minimized by antioxidant treatments to enhance the regulated phases of cell death, the onset of irreversible pathways to necrosis may be impeded. Our work opens the way to identifying particular processes or phases within PCD that might be targeted to modulate therapeutically neuropathologies.
Clearly the regulated phases of cell death can be systematically abrogated; our current work aims to extend these findings to in vivo models of neurodegeneration. Atg7 expression achieved between different transfection experiments using siRNA [15] , data obtained from three replicate experiments, although similar, were not combined for quantification. Asterisk indicates time point where there was a significant difference between populations treated with nRNA or siAtg7 (P < 0.001). Fig. S1 . Features of cell death induced by XXC in primary cortical neurons. Neurons were treated for various times and were stained for uptake of PI (red), morphology of nuclei (DAPI) (blue) and DNA fragmentation by TUNEL (green). From the left, first column shows images of cells exposed to PI at various times; second column displays differential interference contrast (DIC) images of the same field (PI and DIC overlaid in third column).
Legends to Supplementary Figures
Fourth column displays DAPI staining of nuclei; fifth column shows TUNEL-stained images of the same field (DAPI and TUNEL overlaid in sixth column). Yellow arrows indicate nuclei with condensed features characteristic of oxidative stress response in these neurons [22] . Bars indicate 10 μm. 
